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ABSTRACT
The sustainable use of fossil fuels requires simultaneous efficient utilization of both energy and matter. Traditional fossil
fuel processes primarily harvest energy through combustion, leaving much of the matter—especially carbon—unexploited and
released in the form of greenhouse gas (carbon dioxide). Here, we develop an atomic lattice separation method using a nickel
foam-nickel foil structure to simultaneously extract both energy and matter from natural gas with high efficiency. In this design,
hydrogen in natural gas is catalytically converted to hydrogen gas on nickel foam, while carbon is transformed into crystalline
graphite via transport through the atomic lattice of nickel foil. This approach achieved efficient (> 99% conversion), stable (≥
300 h stability), and reusable (≥ 5 cycles) hydrogen gas generation, coupled with the production of high-value graphite with an
ultrahigh crystal quality and superior thermal and electrical properties. Further integration with a solid oxide fuel cell system
demonstrated an electricity generation efficiency of ∼57%. This strategy establishes a sustainable pathway for separating energy
(hydrogen) and matter (graphite) from hydrocarbons, thus providing new opportunities for high-efficiency and zero-emission
natural gas utilization.
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1 Introduction

The year 2024 was the hottest year on record since 1850 and has
breached the Paris Agreement 1.5◦C threshold for the first time [1,
2], primarily driven by the rising greenhouse gas (mainly carbon
dioxide, CO2) emissions [3–5]. More than 90% of these emissions
are attributed to fossil fuel consumption [6], highlighting the
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urgent need to transition toward a sustainable energy system.
The separation of carbon from fossil fuels, particularly natural
gas, which accounts for 30% of fossil energy consumption, has
attracted significant attention because it enables low-cost and
zero-emission production of hydrogen gas (H2) [7–12]. By separat-
ing carbon from natural gas and fixing it in a solid form through
pyrolysis rather than combusting it into CO , up to 7.5 billion tons
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of CO2 emissions could potentially be eliminated annually [13]. If
the separated carbon products also have substantial commercial
value, this CO2-free strategy would become an economically
compelling cornerstone, stimulating the widespread adoption of
low-carbon energy practices and significantly contributing to the
goal of sustainable development [14–16].

In recent years, extensive efforts have been devoted to carbon
separation and utilization processes [17–19], including catalyst
development [20], reactor engineering [21], system integration
[22], and environmental assessment [23]. Despite these advances,
achieving controllable hydrogen‒carbon separation from natural
gas faces significant challenges that hinder its industrial applica-
tion: (i) Achieving a high efficiency requires catalysts with large
specific surface areas, which are typically in the formof powder or
porous materials [24]. As a result, the carbon products formed on
these catalysts are predominantly amorphous ormicrocrystalline,
significantly limiting the value of the obtained carbon materials
[25, 26]. (ii) H2 generation and carbon production typically both
occur on the catalyst surface, leading to the accumulation of
solid amorphous carbon (coke). The formed coke tends to block
catalytic sites, and more importantly, it is difficult to separate
from the catalysts [27–29]. Consequently, catalyst deactivation
limits the duration of steady-state operation of such processes
to generally within 20 h [30–32]. Recently, molten alloy and
molten salt catalysts have been developed to enhance the stability
through the removal of carbon products that float on top of
molten catalysts, but balancing the quality of the carbon products
in a dynamically flowing environment remains challenging [9,
10, 19, 33]. To realize the ultimate goal of hydrogen‒carbon
separation from natural gas, it is crucial to design better
pathways capable of simultaneously offering valuable carbon
products, a high H2 generation efficiency, and enhanced reaction
stability.

Here, we developed an atomic lattice separation method using a
tubular nickel (Ni) foam-Ni foil structure to separate the energy
(hydrogen) and matter (carbon) conversion pathways in natural
gas (Figure 1a,b; Figure S1). In this method, the Ni foam with
a large specific surface area acts as the catalyst for natural gas
pyrolysis, ensuring high efficiency in H2 production and the
formation of active carbon species. The crystalline Ni lattice
functions as an atomic-scale separation and transport medium:
carbon atoms generated during CH4 decomposition dissolve into
the Ni lattice, diffuse through it, and subsequently precipitate
as crystalline graphite on the opposite surface (Figure 1c and
Figure S2). This spatial separation of hydrogen and graphite
formation decouples the energy conversion (H2 production)
from matter fixation (solid carbon formation). For H2 produc-
tion, sustained precipitation of graphite effectively consumes
the amorphous carbon accumulated on the Ni foam surface
and thereby maintains the catalytic activity. For solid carbon
formation, the Ni lattice effectively blocks impurity elements and
enables the epitaxial growth of high-quality crystalline graphite
[34], whose value is substantially higher than that of conventional
amorphous carbon byproducts. As a result, this method enables
both stable pyrolysis of natural gas into H2 and continuous
production of crystalline graphite, significantly improving the
energy conversion efficiency and the economic value of the
products.
2 of 9
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2 Results and Discussion

2.1 Design for Atomic Lattice Separation of
Hydrogen Gas and Graphite

In our experiment, the Ni foam-Ni foil structure was first
fabricated and loaded into the pyrolysis system to create separate
inner and outer environments (Figure 1a and Figure S1). Here,
the separation of the inner and outer tubes was achieved by
the airtightness between the Ni tube and the inner tube (see
Methods for more details). Natural gas (93.5% CH4, 4.6% other
hydrocarbons, 1.2%N2, and 0.7% CO2) was fed into the inner tube,
which served as the raw material for the production of H2 and
graphite, whereas protective N2 was fed into the outer tube to
prevent the oxidation of the Ni foil (Figure 1b,c).

With the independent inner and outer tube design, high-quality
graphite grew on the outer Ni foil surface via the transport
of carbon atoms through the Ni atomic lattice [34]. In our
experiment, the crystalline graphite reached an area of 12 cm ×
8 cm (Figure 1d). Moreover, H2 was generated by the catalytic
pyrolysis of natural gas on the Ni foamwithin the inner tube. The
transformation from natural gas to H2 was clearly visualized by
plasma glow tests, with most of the input natural gas (shown as
a pink plasma glow) being converted into H2 (shown as a purple
plasma glow) (Figure 1e).

2.2 Continuous Production of High-Quality
Graphite

Currently, most carbon products derived from natural gas pyrol-
ysis are low-quality amorphous carbon, limiting the overall
economic efficiency of the process. In this work, we utilized
the inner side of the Ni foil to absorb active carbon species
catalyzed by Ni foam and grow high-quality graphite on the
outer side of the Ni foil in a crystalline form (Figure 2a). The
highly active carbon species formed from gaseous carbon sources
enable continuous epitaxial growth of large-scale high-quality
graphite at a temperature significantly lower than previous
works (∼1100◦C vs. 1300◦C‒ 3000◦C) [34–36]. The cross-sectional
scanning electronmicroscopy (SEM) image and energy dispersive
spectroscopy (EDS) maps of the Ni foil-graphite structure after
reaction clearly demonstrate the epitaxial growth of high-quality
graphite (Figure 2b).

The atomic lattice separation system enables the continuous
growth of graphite over extended durations. Graphite thicknesses
obtained at different reaction times show a well-defined growth
behavior, with an average growth rate of ∼0.3 µm⋅h−1 (∼1000
layers⋅h−1, Figure S3). The interfacial growth through the Ni
lattice also ensured that each graphene layer nucleated epitaxially
on the Ni surface, thereby maintaining the crystallinity. In
addition, the growth side was exposed to N2, which provided a
chemically inert and stable environment that further supported
uniform crystal formation. Both Raman spectroscopy and X-ray
diffraction (XRD) 2θ-scan confirmed its excellent crystal quality,
with no defect-induced Raman D peak or surface orientations
other than (0002) (Figure 2c,d). Electron backscatter diffraction
(EBSD) characterization demonstrated its single crystallinity,
Advanced Materials, 2026
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FIGURE 1 Design of atomic lattice separation of H2 and graphite from natural gas. a,b) Schematic of the atomic lattice separation method with
separate inner and outer tubes (cross-sectional front view (a) and side view (b)). The inner and outer tubes are divided by the Ni foam-Ni foil structure,
and natural gas passes through the inner tube while N2 passes through the outer tube, with H2 and graphite obtained as products. c) Schematic of the
mechanism of the energy and matter transformation processes: (i) hydrogen atoms in natural gas transform into H2 catalyzed by Ni foam; (ii) carbon
atoms in natural gas transform into active amorphous carbon on Ni foam and finally form crystalline graphite on the outer side of the Ni foil via lattice
transport. Here, only CH4 from natural gas is depicted for clarity. d) Photograph of the large-scale high-quality crystalline graphite, with an area of up
to 12 cm × 8 cm. e) Photograph of the characteristic plasma glow of the input natural gas (e1) and output H2 (e2).
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with an in-plane domain size exceeding 0.3 mm (Figure S4a,b)
and an out-of-plane orientation across the entire thickness of
the graphite layer (Figure S4c,d). The in-plane lattice structure
was also confirmed by high-resolution atomic force microscopy
(AFM, Figure S4e). Cross-sectional scanning transmission elec-
tron microscopy (STEM) further revealed its perfect Bernal (AB)
stacking with an interplanar distance of 0.335 nm (Figure 2e),
which precisely aligned with the theoretical value [37] and was
also confirmed by the high-resolution XRD (Figure S4f).

The as-grown graphite also had a high purity. The atomic lattice
separation method facilitated the transport of carbon atoms,
while other impurity elements were effectively blocked because
of their high absorption, diffusion, or precipitation barriers in Ni.
As a result, the obtained crystalline graphite demonstrated ultra-
high purity, as indicated by inductively coupled plasma‒mass
spectrometry (ICP‒MS) analysis with an impurity density of
∼10 ppm. This purity is superior to that of commercially available
high-quality highly oriented pyrolytic graphite (HOPG, with a
purity of ∼100 ppm) (Figure 2f). It should further be noted that
this impurity-filtering effect would also lead to gradual impurity
accumulation within the Ni lattice, which can slightly reduce
the graphite growth rate at extended time-scale (Figure S3).
Therefore, further improvement in impurity control would be
beneficial for sustaining long-term growth.

The excellent crystallinity and ultrahigh purity of the obtained
graphite endow it with superior physical properties. Thermal
Advanced Materials, 2026

 

measurements revealed that our graphite film exhibited a thermal
conductivity of ∼1750 W⋅m−1⋅K−1, surpassing that of other com-
mercial graphite film products tested under the same conditions
(Figure 2g). Moreover, the as-grown graphite could also be
used for the exfoliation of monolayer graphene and, therefore,
exploration of intrinsic quantum properties. Here, we fabricated
a quantum Hall device using exfoliated monolayer graphene
from crystalline graphite, and quantum transport measurements
revealed a high-resolution quantum Landau fan diagram with
integer filling states of ν = ±2, ±6, ±10, . . . , and a carrier mobility
of∼200 000 cm2⋅V−1⋅s−1 (Figure 2h andFigure S5), demonstrating
its exceptional electrical quality.

2.3 Effective Production of Hydrogen Gas with
High Stability

As carbon is separated from natural gas, the residual hydrogen
atoms are then converted into H2 within the inner tube. With
our Ni foam-Ni foil design, both a high conversion efficiency and
excellent stability were achieved. The high conversion efficiency
(∼80% for CH4 and >90% for C2H6 and C3H8, Figure 3a) results
from the low reaction barrier (deduced from the Arrhenius
fitting to be ∼156 kJ⋅mol−1 for CH4, Figure 3b and Figure S6a)
and the large specific surface area provided by the Ni foam
catalyst. Moreover, benefiting from the continuous diffusion of
active carbon species through the Ni atomic lattice transport,
excessive carbon accumulation on the catalytic Ni foam surface
3 of 9
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FIGURE 2 Characterizations of high-quality crystalline graphite. a) Optical image of the crystalline graphite on the outer side of the Ni foil (top
panel) and the amorphous carbon (amorphous C) on the inner side of the Ni foam (bottom panel). b) Cross-sectional SEM image (left panel) and EDS
maps (right panel) of the crystalline graphite grown on the Ni foil, with a thickness of ∼50 µm. c,d) Raman spectra (c) and XRD 2θ-scan (d) of the
obtained crystalline graphite and amorphous carbon. e) Cross-sectional STEM image of the crystalline graphite, showing a perfect Bernal (AB) stacked
structure with an interlayer distance of 0.335 nm. f) ICP‒MS analysis of the crystalline graphite and HOPG. g) Thermal conductivities of the crystalline
graphite and 5 kinds of commercial graphite film products. h) Quantum Landau fan diagram of an exfoliated monolayer graphene device, showing the
longitudinal resistance (Rxx) as a function of the carrier density (n) and perpendicular magnetic field (B).
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is effectively eliminated, resulting in exceptional operational
stability exceeding 300 h (Figure 3c, top panel, and Figure S6b).
This suppression of coke buildup also allows the Ni foam-Ni foil
structure to be reused for more than 5 cycles, demonstrating the
reusability and sustainability potential of our design (Figure 3c,
bottom panel, and Figure S6c).

The conversion efficiency of natural gas could be further
improved by employing a cascade system in which natural
gas sequentially passes through two atomic lattice separation
processes (with the output gases after the first and second stages
denoted as Out-1 gas and Out-2 gas, respectively) (Figure 3d).
A final CH4 conversion exceeding 99% and H2 production rate
of ∼3200 mL⋅h−1 was realized, with the CH4 content decreasing
from 93.5% in natural gas to 0.2% in Out-2 gas (Figure 3e and
Table S1). In addition, the small amount of CO2 in natural gas
also decreased (from 0.7% in natural gas to < 0.01% in Out-2
gas), with a simultaneous increase in carbonmonoxide (CO, from
0% in natural gas to 0.7% in Out-2 gas, Table S1). The changes
in the gas composition in terms of CO2 and CO indicate the
occurrence of a dry reforming reaction (i.e., CO2 + CH4 → 2CO +
2H2) in our system, which is also beneficial for energy generation
[38]. Besides, because the natural gas content is significantly
reduced before entering the second stage, the second atomic
lattice separation process is easier to maintain stability. The
overall stability of the cascade system thus depends on the first
atomic lattice separation process and could also reach ≥ 300 h.
Overall, the high conversion efficiency and high stability of the
4 of 9

 

reaction of natural gas into H2, together with high-value carbon
products (graphite), make the proposed method a potentially
economical way to utilize the energy and matter of natural gas
(Figure 3f) [7–12].

2.4 Integrated Atomic Lattice Separation and
Solid Oxide Fuel Cell System

Given the challenges in storing and transporting H2, an optimal
approach to use the generated H2 is to directly convert it
into electricity. This conversion can be achieved via (i) direct
combustion or (ii) electrochemical reactions. The combustion
efficiency is generally constrained by Carnot’s theorem, whereas
electrochemical reactions can circumvent this limitation [39].
Thus, electrochemical reactions realized through fuel cells are
regarded as effective ways to utilize hydrogen energy. Here,
to achieve direct electric power generation, we integrated our
atomic lattice separation system with a custom-designed solid
oxide fuel cell unit (SOFC, known for its high efficiency, low cost,
and long lifespan) (Figure 4a,b; Figure S7).

When Out-2 gas was used as the fuel, electric power could be
immediately generated through the SOFC, successfully charging
a mobile phone (Figure 4c). Owing to the fast oxidation kinetics
and high electrochemical activity of H2 at the electrode [40,
41], Out-2 gas could provide a maximum power density of 1.0
W⋅cm−2 (Figure 4d and Figure S8a). What’s more, the efficient
Advanced Materials, 2026
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FIGURE 3 The conversion and stability of H2 generation. a) Typical gas composition before (natural gas) and after the lattice separation reaction
at 1150◦C. b) Relationship between CH4 conversion and temperature (T), showing the effective activation energy (Ea = 156 kJ⋅mol−1) of the atomic
lattice separation process. c) Long-term stability (top panel) and cyclic stability (bottom panel) tests of the atomic lattice separation process at 1150◦C.
d) Schematic of the atomic lattice separation cascade system, the output gas of atomic lattice separation-1 (Out-1 gas) is used as the input gas of atomic
lattice separation-2, with the final output denoted as Out-2 gas. e) The gas flow (columns) and CH4 conversion (triangles) before and after each atomic
lattice separation process. The unit of flow is standard cubic centimeters per minute (sccm). f) The comparison of different hydrogen‒carbon separation
designs, in terms of respective maxima for CH4 conversion, carbon product types, and reaction stability.

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202518450 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [12/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
anodic H2 oxidation could also help to avoid local hot spots
in the cell, and thus prevent thermal and mechanical stresses
that may cause cell fracture (which is observed when fed with
natural gas, Figure S9). Besides, the high H2 purity in Out-2 gas
could mitigate the heterogeneous reaction kinetics by avoiding
carbon deposition andmethane concentration variations [42–44],
allowing the fuel cell using Out-2 gas to demonstrate a superior
performance and stability for ≥ 300 h (Figure 4e). Furthermore,
we measured the maximum effective gas flow of the cell (Figure
S8b) and estimated an electricity generation efficiency of up to
∼57%.

It is also worth noting that the electrochemical reaction in
the SOFC is exothermic, thus typically producing heat when
generating electricity. Since the natural gas pyrolysis process
occurs at high temperatures and has a high energy demand, we
propose that the heat from the SOFC could potentially be used
to heat the natural gas before it enters the system and thus save
energy in the pyrolysis reaction through a delicate heat-transfer
system design [45, 46]. After refinement, this approach could in
principle enable a net electricity output from natural gas, ideally
producing ∼3 kW⋅h of electricity and ∼500 g of high-quality
graphite and reducing CO2 emission by ∼2 kg for 1 m3 of natural
gas (Table S2).
Advanced Materials, 2026

 

3 Conclusion

With the atomic lattice separation design, we simultaneously
achieved continuous production of both green hydrogen and
high-quality crystalline graphite, significantly improving the
economic benefits (Table S3). Our system can also be directly
integrated with fuel cells for high-efficiency electricity genera-
tion, providing an industrially feasible approach for sustainable
power production from fossil fuels. In future developments,
our design can be further advanced through purity control
and upgraded reactor hardware specifically optimized for long-
term high-temperature operation. In addition, other hydrocarbon
sources (such asmethane clathrate and associated petroleum gas)
could potentially be incorporated into this approach to further
enhance economic energy utilization.

4 Experimental Section

4.1 Continuous Production of H2 and
High-Quality Graphite

Ni foil (50 µm thick, 99.9% purity, Zhongke Crystal Materials
Co. Ltd) and Ni foam (110 pores per inch, Zhongke Crystal
5 of 9
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FIGURE 4 Integrated atomic lattice separation and SOFC system. a–c) Schematic (a) and photograph (c) of the integrated two- stage atomic lattice
separation processes and SOFC system, demonstrating a direct application of mobile phone charging. The structure of the SOFC is shown in (b). d,e)
Power density (d) and stability (e) of the SOFC with natural gas, Out-1 gas, and Out-2 gas as inputs, demonstrating the highest power density of ∼1
W⋅cm−2 and the highest stability of ≥ 300 h when using Out-2 gas. Here, the negative current signal under natural gas indicates the occurrence of cell
failure.
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Materials Co. Ltd) were first stacked and placed between two
alumina plates, and then annealed at 1300◦C for 5 h under a
reducing atmosphere (800 sccm Ar, 100 sccm H2) in a custom-
designed chemical vapor deposition (CVD) furnace (Tianjin
Kaiheng Co. Ltd). The area of the Ni foil was approximately
8 cm × 15 cm. Following this, the Ni foam-Ni foil structure was
rolled and then annealed again at the same temperature and
under identical atmospheric conditions. After this process, the
commercial Ni foil was transformed into crystalline Ni foil with
large domains. Both ends of the Ni roll were then bonded to
the openings of the internal quartz or alumina tubes using a
high-temperature adhesive (552 alumina adhesive, Ceramabond)
to avoid gas permeation. The entire assembly was then loaded
into the CVD furnace. After heating to 980◦C‒1150 ◦C, natu-
ral gas was introduced into the inner tube to facilitate the
production of hydrogen and high-quality graphite. Finally, the
system was allowed to cool naturally under the same protective
atmosphere.

4.2 Purity Measurements by ICP‒MS

All sample preparation procedures were carried out in a clean
laboratory environment to minimize contamination. Plastic
tweezers, quartz digestion vessels, and plastic containers were
pre-cleaned by soaking in 10%HNO3 ( NorthWeiyeMeasurement
Group Co., Ltd.) for 12 h, followed by thorough rinsing with
ultrapure water and air-drying. Graphite samples grown on Ni
substrates were carefully peeled off using the acid-cleaned plastic
tweezers. For comparison, the HOPG sample (SPI Supplies)
was peeled off under the same conditions. The peeled graphite
samples (∼ 2–10 mg) were accurately weighed and transferred
6 of 9
into microwave digestion vessels. Then, 0.75 mL of 14.4 mol⋅L−1

HNO3 and 0.25 mL of 12 mol⋅L−1 HCl were added to the vessel,
which was then placed in a micro-digester, and heated at 260◦C
for 1 h until the solution was transparent. After cooling, the
obtained solution was diluted to the designed volume with
deionized water. The impurity elements within the solution were
then quantitatively analyzed by a PerkinElmer NexlON 350X
ICP‒MS.

4.3 Thermal Conductivity Measurements by the
Laser Flash Method

The in-plane thermal conductivity λ of graphite was determined
by λ = α⋅cp⋅ρ, where the in-plane thermal diffusion coefficient α
was quantified via laser flashmethod utilizing aNetzschNETLFA
467 at a temperature of 25◦C; the specific heat capacity cp was
measured employing a TA Instruments DSC 2500; the density ρ
was adopted based on graphite’s theoretical value of 2.25 g⋅cm−3.

4.4 Fabrication of QuantumHall Device and
Transport Measurements

The device was fabricated with amodified dry transfer technique,
where monolayer graphene was first exfoliated from our crys-
talline graphite onto a SiO2/Si substrate, and then a polypropylene
carbonate (PPC) film was employed to sequentially pick up an
hBN flake (from bulk hBN crystals, Shanghai Onway Technol-
ogy), the exfoliated monolayer graphene, and another hBN flake.
This stack was then transferred onto a graphite flake positioned
atop a SiO2/Si substrate. After the assembly of the stack, a Hall
Advanced Materials, 2026
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bar pattern was defined on the top hBN layer utilizing electron-
beam lithography with polymethyl methacrylate (PMMA) as the
photoresist. Reactive ion etching (CHF3:O2 = 30:3) was then
utilized to remove the top hBN layer outside the masked areas,
thereby exposing the edges of the graphene layer beneath. Elec-
trical contacts were established by deposition of 5 nm chromium
and 80 nm gold via electron-beam evaporation. The electrical
properties of the device were assessed through four-terminal
transport measurements carried out at a temperature of 1.7 K
within a 9 T superconducting magnet system.

4.5 Measurement of Gas Composition and
Stability Tests for Natural Gas Pyrolysis

Gas composition was quantified using an Agilent ADM flow
meter to measure total gas flow and a Shimadzu GC-2014C
gas chromatograph equipped with a flame ionization detector,
thermal conductivity detector, and methanizer after Porapak-N
and Molesieve-13X columns and rotary valves. The gases used
for testing were collected after stabilizing for half an hour under
steady conditions. During stability, cycling, and cascade testing,
the temperaturewasmaintained at 1150◦Cwith a constant natural
gas feed of 26.5 sccm. For the cycling tests, the natural gas supply
was stopped after each cycle, and residual gas in the inner tube
was cleaned using N2. The system was then cooled to room
temperature under a N2 atmosphere, and the outside epitaxial
graphite was exfoliated before the next cycle.

4.6 Assembly of SOFC

All powders (NiO, 8% yttria-stabilized zirconia
(YSZ), 20% gadolinium-doped ceria oxide (GDC),
La0.6Sr0.4Co0.2Fe0.8O3-δ(LSCF)) were synthesized via a
standardized Pechini sol-gel method [47–49]. All raw materials
were sourced from Aladdin Chemical Reagent Company with
99.9% purity. Then the powders were used to fabricate the cell.
First, Anode supports were fabricated by uniaxially pressing 0.4 g
ball-milled NiO-YSZ-starch (mass ratio 6:4:2) powder into a green
anode pellet with a diameter of 20 mm, followed by sintering at
1000◦C for 5 h. Second, three layers of YSZ electrolyte and one
layer of GDC barrier layer were screen-printed successively onto
the anode and sintered at 1400◦C for 5 h (electrolyte ∼20 µm,
barrier ∼6 µm). The LSCF/GDC (7:3) cathode was then applied
and sintered at 1000◦C for 2 h (∼50 µm). Third, conductive silver
paste (DAD-87) current collectors were applied to the surface of
the anode and cathode, ensuring swift current collection. Each
coated layer was then subjected to a series of sintering and drying
processes to enhance the mechanical robustness and electrical
conductivity of the layers and to eliminate any residual moisture.
Finally, the cell was integrated with the current collectors,
forming a compact button-type single cell.

4.7 Performance Tests of SOFC

During the tests of a single SOFC, the cell was encapsulated
within a ceramic tube with a matching diameter to ensure an
airtight environment. Two silver wires were led out from both
sides of the SOFC single cell, then sealed at one end of the test
Advanced Materials, 2026
reactor with Aremco 552 sealant, ensuring good airtightness and
electrical contact. The fuel gas was introduced into the anode
side of the SOFC, while the cathode side was exposed to the
air. After stabilizing the system temperature at 700◦C (monitored
by three thermocouples at the center, edges, and between the
surfaces of the single cell) and activated by feeding H2. After
activation, N2 was fed for 30 min to completely replace H2. Then,
natural gas, Out-1, and Out-2 gases were introduced sequentially
with the same cell to measure power density. Different cells
were used in the stability test, but the alignment with the power
test assured the consistency. Throughout these processes, real-
time monitoring of output current and power was conducted
to evaluate the cell’s electrochemistry performance, and the
voltage was controlled at 0.7 V. This voltage was subsequently
elevated to around 5.0 V via a DC-DC boost converter for mobile
phone charging applications. The generation efficiency can be
calculated using the following equation:

𝜂 =
𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
= 𝐼𝑉

𝐿𝐻𝑉 ⋅ 𝐹

where η represents the power generation efficiency, I was the
output current, V was the output voltage, LHV denotes the low
calorific value of H2, and F signifies the maximum effective
gas flow rate. Five individual cells were connected in series to
accurately determine the electrical conversion efficiency of the
cell, and the effective H2 flow rate for a single cell was derived
from the total flow of the five connected cells.

4.8 Characterizations

Optical images were obtained using an Olympus BX51 micro-
scope. Raman spectra were obtained with a Witec alpha300 R
system with a laser excitation wavelength of 514 nm and a power
of 10 mW. The XRD 2θ-scan measurements were performed
on a Bruker D8 Advance system. EBSD characterizations were
performed using a PHI 710 Scanning Auger Nanoprobe. AFM
images were acquired using Asylum Research Cypher S under
ambient conditions. The cross-sectional graphite samples were
prepared using a cross-section polisher (JEOL IB-19530). SEM
images were obtained using an FEI Nova NanoSEM 430 scanning
electron microscope. STEM experiments were performed in an
FEI Titan Themis G2 300 operated at 300 kV.
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